Germ cell migration Microinjection Chemokine SDF-1 CXCR4 A B S T R A C T Directional migration of primordial germ cells (PGCs) toward future gonads is a common feature in many animals. In zebrafish, mouse and chicken, SDF-1/CXCR4 chemokine signaling has been shown to have an important role in PGC migration. In Xenopus, SDF-1 is expressed in several regions in embryos including dorsal mesoderm, the target region that PGCs migrate to. CXCR4 is known to be expressed in PGCs. This relationship is consistent with that of more well-known animals. Here, we present experiments that examine whether chemokine signaling is involved in PGC migration of Xenopus. We investigate: (1) Whether injection of antisense morpholino oligos (MOs) for CXCR4 mRNA into vegetal blastomere containing the germ plasm or the precursor of PGCs disturbs the migration of PGCs?
Introduction
In many animals, primordial germ cells (PGCs) are specified initially in an embryonic region distant from where gonads are organized in later developmental stages, and then migrate toward the genital ridges, the precursor organs of the gonads. Here they proliferate and differentiate into mature PGCs and later form gametes in the mature gonads. This migration of the PGCs has been studied in many species such as Drosophila, Xenopus, mouse, chicken and zebrafish (Starz-Gaiano and Lehmann, 2001; Wylie, 2000) . Although in the early 1980s the migration of PGCs was shown to be controlled by diffusing factor(s) secreted from the dorsal mesoderm in anuran Amphibia (Rais et al., 1981) , the molecular mechanisms have not been revealed until recently. It is of particular interest to know the underlying mechanisms involved in the directional migration of PGCs that are conserved among animals. In Xenopus laevis, germ cell fate is specified by the segregation of a maternally provided germ cell determinant-the germ plasm-rich in mitochondria, endoplasmic reticulum and proteins (Ikenishi et al., 1984; Kloc et al., 2002) . It also contains about 10 species of mRNAs such as xcat2 (MacArthur et al., 1999) , xpat (Hudson and Woodland, 1998) , DEADSouth (MacArthur et al., 2000) and xgrip2 (Kaneshiro et al., 2007; Kirilenko et al., 2008; Tarbashevich et al., 2007) , which are indispensable for the determination or differentiation of germ cells (King et al., 2005) . As the Xenopus germ plasm is localized just under the vegetal cortex of the fertilized eggs, PGCs arise from vegetal blastomeres. From then on, they can be found in the vegetal part of the endodermal cell mass until embryonic stage 7. They move passively to the center of the endodermal cell mass until stage 23. This movement might be induced by the inward morphogenetic movement of vegetal surrounding cells. From stage 24 onward, they actively migrate laterally and dorsally in the endoderm and form a cluster in the uppermost dorsal part of the endoderm cell mass at stage 40. They then cross the dorsal mesentery and finally reach the genital ridge at stage 46, where they proliferate and differentiate into mature PGCs (Nishiumi et al., 2005) .
SDF-1 is a member of the CXC-chemokine subfamily of a large chemokine family and is a physiological ligand for CXCR4, a member of the CXCR subfamily of seven membrane-spanning G-protein-coupled chemokine receptors. Although SDF-1/CXCR4 chemokine signaling was first identified as a key regulator for lymphocyte chemotaxis (Bleul et al., 1996; Nagasawa et al., 1996a,b) , it also functions in the migratory behavior of various cell types, such as in stem cell homing (Peled et al., 1999) , neuronal cell migration (Zou et al., 1998) , nerve growth cone guidance (Xiang et al., 2002) and mesendodermal cell migration during gastrulation (Fukui et al., 2007; Muller et al., 2001) . It also acts in the metastatic destination of tumor cells (Muller et al., 2001; Murphy, 2001) . In addition, in the zebrafish (Doitsidou et al., 2002; Knaut et al., 2003) , mouse (Ara et al., 2003; Molyneaux et al., 2003) and chicken (Stebler et al., 2004) , directional migration of PGCs is regulated by SDF-1/CXCR4 chemokine signaling. By analyses of the expression patterns of both receptor and ligand in various animals, it has been demonstrated that CXCR4 is expressed on the cell membrane of migrating PGCs and that SDF-1 is expressed on the route of PGC migration. In addition, genetic and biological studies have shown that this migration is directed by SDF-1 ligand binding and consequent activation of downstream chemokine signal transduction (Raz, 2004) .
Previously, we reported that the CXCR4 protein could be detected on the surface of actively migrating PGCs of X. laevis embryos at stages 24 and 28 using immunofluorescent staining (Nishiumi et al., 2005) . Also the SDF-1 expression in the dorsal mesoderm in Xenopus was reported (Braun et al., 2002) . These data suggested that SDF-1/CXCR4 chemokine signaling might also participate in active PGC migration. To investigate this we performed four sets of experiments as follows: (1) Three different antisense morpholino oligos targeting CXCR4 were microinjected into a precursor of PGCs, a single vegetal blastomere of 32-cell stage X. laevis embryos.
(2) The knockdown phenotype was rescued when CXCR4 was expressed specifically in PGCs. (3) Mutant CXCR4 was expressed in PGCs, and finally (4) SDF-1 was expressed in PGCs. All these experimental results suggest that SDF-1/CXCR4 chemokine signaling is involved in proper directional migration and survival of primordial germ cells in this species.
Results

Visualization of PGCs
As with zebrafish (Saito et al., 2006) , Xenopus PGCs can be visualized by injecting mRNA encoding for the yellow fluorescent protein Venus fused with the 3 0 -untranslated region (UTR) of DEADSouth mRNA (Kataoka et al., 2006) . However, because of the poor transparency and larger size of the Xenopus embryos compared with zebrafish, the period available for observing fluorescent protein-positive cells is limited. In addition, as our experimental procedure consisted of the injection of mRNAs or morpholino oligos into a blastomere of 32-cell stage embryos, fixing them at a certain stages and visualizing the PGCs by bleaching and clearing the embryos, visualization using a chromogenic substrate was found to be preferable to fluorescent labeling. Accordingly, we injected the mRNA coding for LacZ with its 3 0 -UTR fused with that of DEADSouth: designated here as NLD mRNA. Fig. 1 shows the PGCs of embryos fixed at stages 12, 28, 37, 40 and 46 using this method. At stage 46, almost all the PGCs had reached the genital ridge, while a small number of PGCs remained in the endoderm: designated 'ectopic PGCs' (indicated as a white arrow in Fig. 1E and F) . We defined all the PGCs counted in the genital ridges and in the ectopic region as 'total PGCs'. The number of ectopic PGCs as well as total PGCs vary between individuals, as pointed out previously (Tarbashevich et al., 2007) . However, the ratio of ectopic PGC to total PGC numbers is relatively constant at 0.15 for wild-type embryos (listed in Table 4 ). In addition, in NLD mRNA-injected embryos, we observed some embryos without x-gal stained PGCs in a series of experiments; listed in the tables of the control experiments. We have no clear explanation for the cause; however, even in embryos with control FDL injected into a vegetal blastomere at the 32-cell stage, we and other groups have observed embryos without FDL-labeled PGCs (Kirilenko et al., 2008; Nishiumi et al., 2005) . However, it is possible that because mRNA is considerable large in size, it could not be segregated equally during cleavages, especially when an injection was carried out just before cleavage. Although we inject into blastomeres containing a ''dark area'' (Ikenishi and Nakazato, 1986) , a token of the existence of mitochondria, we sometimes encountered light colored embryos in which a dark area could not easily be identified. Thus, an appropriate injection might not have been possible. Therefore, during an injection, we pay attention to injecting just beneath the dark area. In addition, we performed statistical analyses using a large number of embryos to reveal any statistical significance.
CXCR4-knockdown experiments
To test whether the CXCR4 receptor is involved in PGC migration in early development, we used three morpholino oligos (MOs), designated MO1 to MO3. Each of these was complementary to a different site in the CXCR4 mRNA, including the coding sequence (MO1) and the 5 0 -UTR (MO2 and MO3).
Each MO was injected together with NLD mRNA into one of the germ plasm-containing vegetal blastomeres of 32-cell stage embryos to inhibit translation of CXCR4 mRNA, as illustrated in Fig. 2A . As shown in Fig. 2B and C, injection of MO1 reduced the number of PGCs reaching the genital ridge. The data are summarized in Fig. 2D-F , showing that the mean number of PGCs at stage 46 was reduced significantly by MO1 (2.3% for 10 ng MO1/injection) and MO2 (4.5% for 10 ng MO2/injection) compared with the control. In contrast, MO3 had little effect on the PGC numbers, for reasons discussed below. The detailed data are listed in Table 1 . As two out of the three MOs were highly effective in these knockdown experiments, this indicated that the PGC phenotype might be CXCR4-specific. Thus, the results were not caused by nonspecific hybridization or toxic effects of the oligonucleotides. In addition, in these experiments, ectopic PGCs could not be found, which was different from previous results in zebrafish embryos (Doitsidou et al., 2002) . We discuss the reason below.
To clarify when CXCR4 functions during PGC migration, we injected MO2 mixed with NLD mRNA into a vegetal blastomere and embryos were fixed at stages 10, 27/28, 29/30, 31, 37/38, 39 and 40, enzymatically stained with x-gal and scored. The number of embryos positive for PGC staining is shown in Fig. 2G . The effect of MO1 was first detected at stage 27/28, suggesting the CXCR4 functions at the same time for its expression (Nishiumi et al., 2005) . For the rescue experiment, the 5 0 -UTR of CXCR4 was replaced with that of elongation factor 1 alpha (ef1a, to which MO2 cannot hybridize. Injection with 10 ng of MO2, 0.575 ng of NLD mRNA and 58-1150 pg of ef1a-CXCR4 mRNA was performed into one of the vegetal blastomeres of 32-cell stage embryos, and stage 46 embryos were fixed and stained. As shown in Fig. 3 , the knockdown phenotype was rescued partially by injection with ef1a-CXCR4 mRNA in a dose-dependent manner in two independent experiments, indicating that CXCR4 expression in PGCs is required for their proper migration to the genital ridge. The maximum recovery was 70% in experiment 2, as listed in Table 2 .
Expression of mutant CXCR4 in PGCs
CXCR4 is a member of the CXCR subfamily of seven membrane-spanning G-protein-coupled chemokine receptors. Mutational analyses have shown that the third intracellular loop (ICL3) is required for calcium mobilization, ERK-activation and SDF-1 mediated chemotaxis in HEK-293 cell (Roland et al., 2003) . Here we introduced a substitution mutation reported by Roland et al. in the ICL3 sequence of CXCR4. By injecting the mutant CXCR4 mRNA fused with the DEADSouth 3 0 -UTR into a vegetal blastomere of 32-cell stage embryos, we analyzed whether the migration of PGCs was inhibited. As shown in Fig. 4 and Table 3 , the mean number of PGCs that arrived at the genital ridges was slightly decreased with the mutant mRNA in a dose-dependent manner in two independent experiments, suggesting that the CXCR4 mutant sequence inhibited PGC migration by repressing the function of wild-type CXCR4.
Expression of SDF-1 in PGCs
If PGCs can detect the SDF-1 gradient secreted from surrounding somatic cells to migrate toward the future genital ridge region, overexpression of SDF-1 in PGCs might disturb their proper migration. A similar attempt was performed successfully using the 3 0 -UTR of nanos in zebrafish embryos (Doitsidou et al., 2002) . In the present study, the SDF-1 protein was produced specifically in PGCs by injection of SDF-1 mRNA fused with the DEADSouth 3 0 -UTR. Embryos injected with SDF-1 mRNA mixed with NLD mRNA were fixed at stage 46 and stained. As shown in Fig. 5A , PGCs could be observed reaching genital ridges and ectopic PGCs could also be identified. Fig. 4B shows that the number of PGCs arriving at the genital ridge at stage 46 was reduced by about 40% compared with controls. In addition, as shown in Fig. 5C and Table 4 , the mean ratio of ectopic PGCs to total PGC numbers in SDF-1 injected embryos increased by 207% (0.31/0.15) at maximum (4.6 ng SDF-1 mRNA/cell) compared with controls.
Discussion
As a preliminary step, we developed a protocol for visualizing PGCs by whole mount enzymatic staining. Using this protocol in combination with high-throughput microinjection using 700-well plates and 1.5% methylcellulose, we could easily count the numbers of PGCs derived from each NDL mRNAinjected blastomere using stereomicroscopy on large numbers of embryos (Tanigawa et al., 2009 ). The effects of coinjecting various factors on features of PGC including differ- ,0,0,0,0,0,1,2,2,3,3,4,4,4,4,4,4,5,5,5,6,6,6,6,8,8,8,8,9,9,9,9,9,10,10,12,13,13,18 5.78 0.67 10 ng MO1 0.575 41 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,6 0.17 0.15
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entiation, proliferation and migration could then be validated by observing and counting the x-gal-stained PGCs.
The injection of three different morpholino oligos resulted in a dose-dependent decrease in the mean number of PGCs arriving in the genital ridge. This phenotype was probably caused by specific translational repression, because it was partially rescued by the injection of ef1a-SDF-1-DEADSouth 3 0 -UTR mRNA. As mentioned above, although MO1 and MO2
were highly effective, the effect of MO3 was less so. Regarding this, we found that two different forms of CXCR4 are registered in the Gene database: Gene IDs: 380373 and 100192360. Antisense oligos were designed for the mRNA of 380373. Fig. 6 shows the alignment of the 5 0 -UTR and coding sequences of the two cDNAs around the target sequences of the MOs used. Although we do not know if the two mRNAs are derived from different genes, if they are splicing variants from one gene, or if they represent polymorphic products, the mismatch sequences in the mRNA for Gene ID: 100192360 corresponding with the target sequences from MO1 to MO3 were 0/25, 1/25 and 3/24, respectively. This might explain why MO3 was not as effective as MO1 and MO2, although the precise expressions of the two mRNAs have not been characterized. The number of labeled germ cells in the genital ridges was reduced and ectopic PGCs could not be found at stage 46 in the knockdown experiments. Additionally, delayed migration and reduction in PGC numbers were observed after stage 27, suggesting that CXCR4 may function after this, which is consistent with its expression in PGCs (Nishiumi et al., 2005) . There are several possibilities that account for the loss of PGCs in the experiments in which SDF-1/CXCR4 signaling might have been disturbed. One would be a primary effect of a dysfunction in SDF-1/CXCR4 signaling, or a secondary effect of delayed migration, that caused PGCs to be out of range of other growth or anti-apoptotic factors, thus leading to an inhibition of proliferation or apoptosis. Another possibility is that PGCs could not adequately differentiate to express ,0,0,0,0,0,0,1,2,2,3,3,3,3,3,3,4,4,4,4,4,4,5,5,5,6,6,6,7, 7,7,7,8,8,9,13,13,14,15,15,18 5. ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0,0,0,0,0,0,0,0,0,0 ,0,0,0,0,0,0,1,1,1,2,2,3,3,5,5,5,7,7,7,7,8,8,13,17 4.08 0.88 l0 ng MO2 1150 0.575 25 0,0,0,0,0,0,0,0,0,1,2,2,2,3,3,4,4,4,5,5,6,7,7,8 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,2,2,3,3,4,6 ,0,0,1,2,2,3,3,3,3,3,3,4,4,4,4,5,5,6,6,8,8,8,11,13 4.36 0.65 One of the blastomere of 32-cell stage embryos was injected with NLD mRNA. MO2 and ef1a-CXCR4 DeadSouth 5 0 -LTR mRNA. Tadpoles were fixed at stage 46 and stained. PGCs were counted and calculated. The mean and its standard error (SE) are shown. Table 2 .
LacZ-DEADSouth reporter mRNA as well as possibly endogenous genes. It has been reported that zebrafish nanos mRNA is degraded in somatic cells by a microRNA pathway, and that the degradation is inhibited by Dead end protein in germ cells. Also in Xenopus, degradation of DEADSouth mRNA, used in this study as a positive reporter mRNA with a 3 0 -UTR, is suggested as being regulated by a miRNA pathway. If this second possibility for the loss of PGCs is correct, SDF-1/CXCR4 chemokine signaling may participate in the regulation of gene expression by a microRNA pathway. Alternatively, PGCs might transdifferentiate into ectopic somatic cells under the influence of their surrounding environment, as shown by Wylie et al. (1985) . By contrast, in the experiment where SDF-1 expression in PGCs probably disturbed the SDF-1 gradient, in which SDF-1/ CXCR4 signaling in the PGCs might not be impaired, ectopic PGCs were observed by migratory disorder. This result supports that SDF-1/CXCR4 signaling makes a contribution to proper directional migration of PGCs.
In zebrafish embryos, knockdown of CXCR4 and SDF-1 resulted in a decrease in the number of gonadal PGCs, with a consequential increase in the number of ectopic PGCs (Doitsidou et al., 2002) . However, in mouse embryos, dysfunction in CXCR4 or SDF-1 resulted in reductions in the numbers of PGCs in the genital ridges as well as the numbers of ectopic PGCs (Ara et al., 2003; Molyneaux et al., 2003) . It is possible that SDF-1/CXCR4 signaling is required for PGC proliferation or survival as well as for migration in mouse embryos (De Felici et al., 2004; Farini et al., 2005) ; however, in zebrafish embryos such signaling is only required for PGC migration. Therefore, in Xenopus, as in mouse, SDF-1/CXCR4 signaling might be required for germ cell proliferation or survival, as well as for PGC migration. However, we have not been able to accurately determine the cause for the loss of PGCs because it is very difficult to detect what is happening in the PGCs. In fact, knockdown of germ plasm-localizing mRNAs, such as Xdazl , XGRIP2 (Kirilenko et al., 2008; Tarbashevich et al., 2007) and Dead end (Horvay et al., 2006) leads to the reduction of the number of PGCs; however, why PGCs die or fail to adequately differentiate has not been fully elucidated. The difficulty is that only several tens of PGCs are found in tailbud-stage embryos and if they are monitored until stage 46, three days are required. During this time, if germ cells are lost by apoptosis, detection has to be done by fixation followed by staining with either active caspase antibody or by TUNEL staining; therefore, there is little opportunity to observe apoptosis, as was previously discussed .
Initially, we injected CXCR4 morpholino oligos into the vegetal regions of two blastomeres of 2-cell stage embryos, and then to examine the effect on germ cell development by using several markers. Such experiments to identify the functions of germ cell specific genes were generally performed. However, developmental disorders were observed from the gastrulation stage and so the embryos died as development progressed, which was consistent with a previous report of results of injections of mutant CXCR4 mRNA (Fukui et al., 2007) . To avoid such a phenotype, we injected samples into one of the vegetal blastomeres of 32-cell embryos with a germ cell-lineage marker, designated NLD mRNA. This system is an advanced method of co-injecting samples with fluorescein-dextran-lysine (FDL) into 32-cell stage embryo blastomeres; something we reported earlier and which has been adopted by others group (Ikenishi et al., 2006; Kirilenko et al., 2008; Nishiumi et al., 2005) . The advantage of the new method is that it allows examination of the effects of samples on germ cell development by monitoring the enzymatic activity of lacZ, co-injected as a reporter mRNA with the samples.
To determine the definite cause for the germ cell loss from CXCR4 morpholino injection, it might be necessary to chase PGCs using time-lapse video recording to monitor fluorescent protein-labeled PGCs throughout their migration to the genital ridge. However, this could be difficult because only several tens of PGCs exist in tailbud-stage embryos ; furthermore, PGCs can be monitored only partially after stage 30 in Xenopus. Hopefully, this problem can be overcome by using Xenopus tropicalis embryos as a model system, as these are smaller and more transparent than X. laevis embryos (Ogino et al., 2006) .
Other groups and ours have found that the mRNA for the glutamate receptor-interacting protein 2 (XGRIP2) was localized to the germ plasm of X. laevis and was required for PGC differentiation and migration (Kaneshiro et al., 2007; Kirilenko et al., 2008; Tarbashevich et al., 2007) . Based on the expression of this mRNA-restricted to migrating PGCs-and its role in muscle precursor cell migration in Drosophila (Schnorrer et al., 2007; Swan et al., 2006) , we hypothesize that XGRIP2 might participate in the migratory system organized by SDF-1/CXCR4 signaling. Further study will be needed to evaluate this hypothesis.
In our previous work, we observed that active migration of PGC is directed first laterally then dorsally, suggesting that the migration is not simple and that other factors might contribute. In Drosophila and zebrafish, other positive and negative chemotactic mechanisms are active during PGC migration. These include isoprenoids in the HMG-CoA reductase path- Table 3 . ,0,0,0,0,0,0,2,3,5,5,5,6,6,6,7,7,7,8,8,8, 8,9,9,9,9,9,10,10,10,11,11,11,12,13,13,14, 14,14,14,16,16,17,18,18,18,19,20,22,22,23,26,35 10.62 1.02
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way in Drosophila for positive guidance, Wunen in Drosophila and CXCR7 in zebrafish for negative effects. However, in Xenopus, little is known about the molecular mechanisms involved in the migration of PGCs. Further analysis using genome-wide studies such as microarray screening, large-scale in situ hybridization screening (Komiya et al., 1997 ) and large-scale MO injection screening and bioinformatic approach will reveal the function of the genes expressed in PGCs. Such studies should help in understanding the evolutionally conserved migratory mechanisms in detail.
4.
Experimental procedures 4.1. Cloning of SDF-1 and CXCR4 cDNA SDF-1 (Accession No. NM_001090163; Gene ID: 380373) and CXCR4 (Accession No. BC044963.1; Gene ID: 380373) was amplified by polymerase chain reaction (PCR) with a pair of primers using adult liver and embryonic stage 19 cDNA libraries, respectively. Each amplified fragment (nucleotide positions [nts] 17-802 for SDF-1 and 60-1785 for CXCR4) was cloned into pCRII-TOPO (Invitrogen, Catalog No. K461020) so that the sense strand was downstream of the T7 RNA polymerase promoter. These were designated SDF-1-pCRII and CXCR4-pCRII, respectively.
Visualization of PGCs
In Drosophila (Rangan et al., 2009) , zebrafish (Mishima et al., 2006) and Xenopus (Kataoka et al., 2006) , cis-elements in the 3 0 -untranslated region of mRNAs in the germ plasm are known to be responsible for mRNA degradation and/or translational repression, which occur specifically in somatic cells. In addition, it was reported that Xenopus germ cells could be visualized by injecting mRNA encoding for the yellow fluorescent protein Venus with its 3 0 -UTR fused with that of DEADSouth mRNA (Kataoka et al., 2006) . Similarly, in this paper we visualized germ cells enzymatically by injecting lacZ mRNA with the 3 UTR were cloned into the same sites downstream of the NLSlacZ-pCRII. The resulting plasmid was designated pNLD. The linearized plasmid digested with SalI was purified and used as a template for mRNA synthesis with T7 RNA polymerase (mScript mRNA production system, AR Brown-US, Catalog No. MSC11625). After addition of the cap (5 0 -G) and poly (A) tail, the NLD mRNA was purified, dissolved in RNase-free water at 1 mg/mL, aliquoted and stored at À80°C until used. Table 4 . ,0,0,0,0,0,0,0,1,1,2,2,4,4,4,5,5,5,5,6,6,6,6,6,7, 7,7,7,7,8,9,9,9,9,10,10,11,12,12,12,12,12,12, 14,14,14,15,15,16,17,19,22,24,24,25,27 8.86 0.94 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0,0,0,0,0,0,0,1,1,1,1,1,1,1,1,1,1,1, 1,1,2,2,2,2,2,2,2,3,3,3,3,3,4,4,4,8 0.15 0.026 Ex.2 (-) 0.575 42 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,2,3, 3,5,6,6,6,7,8,10,11,11,13,14,15,16,18,20,23,27,28 6.05 1. 25 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0,0,0,0,1,1,1,1,1,1,2,2,2,3,3,3,4,4,4,5,5 Ex.1 4.6 0.575 31 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,2,2,3,3,3, 4,5,5,7,9,10,14,17 2.77 0.79 P < 0.05 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 2, 2, 2, 2, 2, 4, 4, 5, 5 0.31 0.045 P < 0.05
Ex.2 4.6 0.575 50 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,1,1, 2,2,2,2,2,2,2,3,3,3,3,3,3,4,5,5,7,7,8,8,9,11,11,13,17 2.86 0.55 P < 0.05 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, 2, 2, 3, 3, 3, 5, 5, 5, 5, 9 Ex.1 1.15 0.575 57 0, 0, 0, 0, 0, 1, 1, 1, 1, 2, 2, 2, 2, 3, 3, 4, 4, 4, 5, 5, 5, 5, 6, 6, 7, 7, 7, 7, 8, 8, 8, 8, 8, 8, 8, 9, 9, 10, 10, 10, 11, 11, 11, 11, 11, 11, 12, 12, 12, 13, 15, 15, 15, 17, 18, 18, 21 7.51 0.69 NS 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, 2, 2, 3, 3, 3, 4, 4, 4, 4, 5, 6, 6, 6, 7, 7, 11, 12, 15 0.24 0.031 P < 0.05
Ex.2 1.15 0.575 54 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, 2, 2, 2, 3, 3, 3, 3, 4, 4, 4, 4, 4, 5, 6, 6, 8, 9, 10, 12, 12, 13, 14, 23 3.57 0.65 NS 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, 2, 2, 3, 3, 3, 4, 4, 4, 6, 7, 8, 9 One of the blastomere of 32-cell stage embryos was injected with NLD mRNA mixed with mutant CXCR4. Tadpoles were fixed at stage 46 and stained PGCs were counted and calculated. The mean PGC number and its standard error (SE) are shown. * The significance of treatments compared to blastomeres injected with NLD alone was assessed with the t-test * . NS means not significantly different. The mean rate is the rate of ectopic PGC/total PGCs of each specimens. # The mean rate is the rate of ectopic PGC/total PGCs of each specimens.
To visualize germ cells, NLD mRNA (0.575 ng/cell) was injected into one of the vegetal germ plasm-containing blastomeres of 32-cell stage embryos. These blastomeres could be distinguished by their dark color. At stage 12, 28, 37, 40, 43 and 46, embryos were fixed with MEMFA (3.7% formaldehyde, 2 mM EGTA, 1 mM MgSO 4 , 100 mM MOPS, pH 7.4) for 30 min at room temperature, washed several times with phosphate buffered saline (PBS) for 10 min each and subjected to b-galactosidase enzymatic reactions (x-gal solution, 1 mg/mL of 5-bromo-3-indolyl-b-d-galactoside (Wako, 025-08311), 35 mM potassium ferrocyanide, 35 mM potassium ferricyanide, 2 mM MgCl 2 , 100 mM KCl, 0.1% Triton X-100, 50 mM TrisHCl, pH 7.5) for 5 h at room temperature. After the enzymatic reaction had been stopped by washing with PBS three times for 10 min each, the specimens were placed in Bouin's fixative (Sigma-Aldrich, Catalog No. HT10-1-32) overnight at room temperature and washed with 70% ethanol three times for 10 min each. They were then bleached in solution containing 1% H 2 O 2 , 5% formamide and 0.5· SSC buffer (20· SSC is 0.3 M sodium citrate, 3.0 M sodium chloride) under visible light until adequate bleaching was obtained (c. 1 h). After dehydration of the embryos by washing with 100% methanol for 5 min twice, they were transferred into a glass chamber filled with 2:1 benzyl benzoate/benzyl alcohol solution. Cleared embryos were observed using an inverted microscope and images were acquired with a CCD camera. The numbers of blue germ cells, the descendants of the injected blastomere, were counted.
Microinjection
Embryos were prepared essentially by the method of Sive et al. (2000) . Briefly, Xenopus eggs, collected from gonadotropin-injected females, were fertilized in vitro with sperm from testes isolated surgically from mature males. Forty minutes after fertilization, fertilized eggs were dejellied with 2% cysteine-HCl in 1/3· Marc's modified Ringers (MMR) solution (1· MMR: 0.1 M NaCl, 20 mM KCl, 1 mM MgSO 4 , 2 mM CaCl 2 and 5 mM Hepes, pH 7.4), then rinsed and stored in 1/3· MMR. For microinjection into vegetal blastomeres, we used a 700-well dish as an injection chamber (Hybridoma dish, Greiner Bio-One Co., Ltd., Catalog No. 633160) and 1.5% methylcellulose 4000 (Wako Chemicals, Catalog No. 136-02155) in 1/3· MMR for holding embryos (Tanigawa et al., 2009) . Using a Pasteur pipette, dejellied eggs were transferred with minimal carry-over of medium into a 5 cm dish filled with 1.5% methylcellulose in 1/3 MMR. They were then transferred into the injection chamber and aligned in wells (one embryo each) using a hair loop. Before injection, each embryo was inverted with a hair loop and held in position until injection was completed. A mixture (4.5 nL/cell) of samples was injected into one of the vegetal blastomeres of 32-cell stage embryos, the numbers of which are listed in the respective Tables for each experiment, using a microinjector (Drummond, . This included antisense MO, SDF-1 mRNA or CXCR4 mRNA with NLD mRNA for visualizing PGCs (0.575 ng/cell) and fluorescein dextran lysine (FDL) (Molecular Probes, Catalog No. D1820, 450 ng/cell). After microinjection, FDL-injected embryos were easily identified by their green fluorescence emission under a blue LED lamp (wavelength 470 nm). Embryos that had failed to be injected were excluded. About 20 mL of 1/3 MMR was then added to the hybridoma dish, which was slowly shaken several times to reduce the methylcellulose concentration. On the next day, after shaking several times, the solution was replaced with 20 mL of fresh 1/3 MMR. The same procedure was repeated several times to reduce the concentration of methylcellulose.
CXCR4-knockdown
Three different MOs were ordered (Gene Tools). MO1 hybridizes to the sequence of 5 0 -ATGGACGGGTTTTCTGGTGG CATTG-3 0 in the coding region; MO2 hybridizes to the sequence of 5 0 -GGGTCTCCTTATCTGCAGCCCTGGA-3 0 in the 5 0 -UTR and MO3 hybridizes to the sequence 5 0 -GACATTATCGG ATCTATTGTCAGC-3 0 in the 5 0 -UTR. We also used negative control oligonucleotides (Gene Tools, SC100). Each MO (5 or 10 ng/blastomere) was injected together with NLD mRNA (0.575 ng) and FDL into a vegetal blastomere of 32-cell stage embryos. In all routine experiments, embryos were fixed at stage 46 and stained. To obtain the data for the number of PGC-positive embryos in the course of developmental stages, MO-injected embryos were fixed at stages 10, 27/28, 29/30, 31, 35/36, 37/38, 39 and 40 and stained with x-gal. For rescue experiments, the 5 0 -UTR of CXCR4 was substituted with that for ef1a to avoid hybridization with MO2 and subjected to PCR amplification using the following primers: ef1a forward, 5 0 -CCGCTAATTCAAAGCAAAAATGGACGGGTTTTCTG-3 0 and reverse, 5 0 -CTATTTGTCGTCGTCGTCTTTGTAGTCGCTCGAGT GAAAACTGGA-3 0 using CXCR4-pCRII as a template. The amplified fragment was cloned directionally into pCRII-TOPO. The DEADSouth 3 0 -UTR was inserted into the downstream region of the CXCR4 ORF as described above. The transcribed mRNA (ef1a-CXCR4 mRNA; 230, 115 or 58 pg) was injected with 10 ng of MO2 and 0.575 ng each of NLD mRNA and FDL into one of the vegetal blastomeres of 32-cell stage embryos. They were fixed at stage 46 and the descendant PGCs of the injected blastomere were visualized and scored as described above.
Expression of mutant CXCR4 in PGCs
Mutation analysis has revealed that the third intracellular domain of CXCR4 is necessary for SDF-1-induced chemotaxis (Roland et al., 2003) . The sequence SHSKGHQKRKALKTTV (amino acids 234-249) was changed to ARDAKMQKLKA using PCR-mediated site-directed mutagenesis according to Roland et al. The amplified fragment was cloned directionally into pCRII-TOPO and the DEADSouth 3 0 -UTR was inserted into the downstream region of the mutant CXCR4 ORF as described above. The transcribed mRNA (2.3, 1.15 or 0.58 ng) was injected together with 0.575 ng of NLD mRNA into one of the vegetal blastomeres of 32-cell stage embryos. They were fixed at stage 46 and the descendant PGCs of the injected blastomere were visualized and scored as described above.
Expression of SDF-1 in PGCs
To induce SDF-1 expression in PGCs, SDF-1 mRNA with the 3 0 -UTR fused with that of DEADSouth was injected into a vegetal blastomere containing germ plasm. The DEADSouth 3 0 -UTR was inserted downstream of the SDF-1 cDNA as described above. The mRNA (4.6, 2.3 or 1.15 ng) was injected together with NLD mRNA (0.575 ng) and FDL into one of the vegetal blastomeres of 32-cell-stage embryos. They were fixed at stage 46 and the descendant germ cells of the injected blastomere were visualized and scored as described above.
